The 40-year-old association of HLA-B27 with ankylosing spondylitis is one of the best examples of disease association with a hereditary marker. Genomewide association and family studies suggest that other important major histocompatibility complex (MHC) influences are operative in ankylosing spondylitis (AS) susceptibility. HLA-B27 positive hepatitis C individuals are immunologically more efficient in combating viral infections such as HIV-1, hepatitis C, and influenza and less efficient in combating against certain bacteria (and perhaps other organisms) capable of surviving intracellularly. A recent representative population survey of the frequency of HLA-B27 in the USA found a lower frequency of HLA-B27 in older US adults, perhaps reflecting this. Other HLA class I and class II alleles have been implicated in AS susceptibility, the most consistent being HLA-B*40/B60 (B*40:01) but also B14, B15, A*0201, DRB1*04:04, and certain DPA1 and DPB1 alleles. Non-HLA MHC alleles have also been implicated, although many such studies have been inconsistent, likely due to power issues related to the low number of HLA-B27-negative AS patients examined. The best evidence is for major histocompatibility complex class I chain-related gene A (MICA) whose recognition by intestinal epithelial T cells expressing different Vdelta-1 gamma/delta TCR further implicates the gut in AS pathogenesis. The HLA class I and class II and other non-HLA allelic associations underscore the importance of T cells in AS pathogenesis.
Introduction
HLA class I genes (HLA-A, HLA-B, and HLA-C) and HLA class-II genes (HLA-DRA1, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPB1) encode cellsurface molecules that play an essential role in the immune defense against intracellular infections and in initiating an immune response to invading pathogens, respectively.
Since the original descriptions of the association of HLA-B27 and spondyloarthritis over 40 years ago [1, 2] , this has persisted as one of the best examples of a disease association with a hereditary marker. With the advances in the genetic technology of over the past few decades, up to 34 other genes, largely outside of the major histocompatibility complex (MHC), have been described as operative in ankylosing spondylitis (AS) susceptibility [3] . However, their individual contributions are small, and the MHC remains the dominant force in disease susceptibility. Twin and family studies have suggested that the MHC contributes more than 50 % of the total genetic risk for AS [4, 5] and large SNP typing studies suggest even a larger effect (up to 80 % [3] . However, both suggest that MHC influences in addition to HLA-B27 are operative. Linkage disequilibrium (LD) with HLA-B27 has made it difficult to resolve the extent to which other MHC genes play an independent role. This article will review the contribution of MHC to susceptibility to AS and spondyloarthritis (SpA), including the epidemiology and specific role of HLA-to disease causation as it is currently understood. It will not focus on psoriasis or psoriatic arthritis, which merits an independent review in their own right.
Moreover, homozygosity for HLA-B27 not only enhances disease risk but also the likelihood of familial aggregation and uveitis [4, 6] . How HLA-B27 influences susceptibility to SpA has eluded investigators for over 40 years; however, recent genetic findings have cast light on this. One theory has been that HLA-B27 presents an "arthritogenic peptide." Despite extensive search for such, none has been found. In fact, recent data demonstrating gene-to-gene interaction between HLA-B27 and endoplasmic reticulum aminopeptidase I (ERAP 1), an important gene identified previously in AS susceptibility and extensively validated [7, 8] , suggest that aberrant peptide presentation may be operative in AS susceptibility [3] . Genetic variants associated with reduced function of ERAP1, and loss of expression of ERAP2, are protective for AS [3] . It is possible that these genes operate in AS by an effect on quantity of HLA class I peptide presentation or a qualitative effect on the peptide repertoire presented. Downregulation of ERAP1 and ERAP2 expression has been shown to reduce cell-surface expression of HLA class I molecules.
Alternatively, it has been suggested that misfolding of nascent HLA-B27 in the ER, leading to ER stress, may be involved in the pathogenesis of AS. A rather unique property of HLA-B27 heavy chains is the tendency toward selfadherence, i.e., homodimer formation due to Cys67 residue on a-1 chain (unique to HLA-B27) resulting in recognition by NK cell receptors [9] . This self-adherence may also result in protein misfolding, resulting in pro-inflammatory unfolded protein response (UPR) [10] . It is also possible that by influencing the quantity of peptide available during HLA-B*27 folding, AS-risk ERAP1 and ERAP2 variants slow the rate of this folding, thereby increasing ER stress.
It has also been shown that HLA-B27-positive individuals have altered intracellular killing in certain infections, suggesting that infection or immune response may act as a trigger of SpA [11] .
In the last few years, we have begun to learn how profoundly the microbiome shapes the immune response. As a gene that codes for a protein that presents antigen to induce an immune response and that also regulates positive and negative selection of T cells in the thymus, HLA-B27 almost certainly does have an effect on normal human microbial flora. It is possible that additional properties of HLA-B27, such as dimerization, its effect on the unfolded protein response, or its high sequence identity with bacterially derived proteins, all affect bacterial colonization. However, the vast diversity of gut flora and the rather primitive understanding of this diversity make it difficult to quantify how HLA-B27 alters this flora [12] .
HLA-B27 itself is known to be highly polymorphic, with over 116 protein subtypes now recognized (HLA-B*27:01-B*27:117-one subtype, B*27:22 was withdrawn due to having originated from a DNA sequencing error) http://www.ebi.
ac.uk/cgi-bin/ipd/imgt/hla/get_allele.cgi . Most of these are extremely rare, and few are of enough frequency to have been associated with or described in patients with AS [13] . These include the "parent" or original HLA-B*27:05 as well as B*27:02 (found in whites of European, Middle East, and Northern African origin) (Fig. 1) , B*27:04 (originating from East Asia), B:27:07 (from the Middle East and Southern Asia) , and B:27:14 (described in Eskimos and Native Americans) as well as an African subtype occurring in patients with AS but possibly not associated with AS (HLA-B*27:03) and two subtypes not seen in patients with AS (B*27:09 found initially in Sardinians and B*27:06, seen in Southeast Asians) [13] .
Having HLA-B27 does confer advantages under certain conditions. In the setting of human immunodeficiency virus (HIV) infection, the presence of HLA-B14, B27, B57, and Cw8 slows the progression to AIDS [14] . On the other hand, possessing HLA-A29 and B22 (the latter now split into HLA-B*55 and B*56), as well as two extended HC haplotypes, HLA-A1-Cw7-B8-DR3-DQ2 and HLA-A11, Cw4, B35, DR1, and DQ1 are associated with more rapid progression to AIDS [15, 16] This protective effect of the former alleles has the same magnitude as the CCR5-Delta32 mutation [14] . The mechanisms of this have, at least in part, been elucidated. A study of asymptomatic HIV-infected HLA-B27 and B57-positive individuals found their cytotoxic T lymphocyte response to be dominated by recognition of a gag-encoded p24 protein epitope that was not seen in HLA-B27, B57-negative HIV-positive individuals [17, 18] . In addition, Martin et al. showed that HIV-positive individuals who co-expressed the activating KIR3DS1 allele along with its putative MHC class I ligand Bw4 alleles that contained an isoleucine at position 80 of the peptide-binding groove progressed significantly more slowly toward AIDS than individuals that do not have these two alleles [19] . Although the physical interaction between KIR3DS1 and HLA-Bw4-80I molecules has yet to be shown, this genetic epistasis suggests that this KIR/MHC interaction confers some antiviral signal to NK cells to allow them to control HIV infection more effectively.
HLA-B27 is associated with spontaneous clearance of hepatitis C virus (HCV) infection as well as viral evolution in HCV infection related to a dominant novel CD8+ T cell epitope [20] . HLA-B27 selects for rare escape mutations that significantly impair hepatitis C virus replication and require compensatory mutations [21] , and the protective effect is specifically related to the HLA-B*27:02 subtype [22] .
There is a downside to having HLA-B27. Individuals positive for this genetic factor have a disadvantage in other infections, particularly in those bacteria able to shed their cell ways and survive intracellularly. Reactive arthritis (ReA) develops as a complication after certain bacterial infections (e.g., Salmonellae, Yersiniae, Shigellae, Campylobacteriae, and Chlamydiae). The risk of ReA in HLA-B27-positive patients has been reported in another study to be up to 50 times higher after the exposure of a triggering infection compared to HLA-B27-negative patients in hospital-based studies. This develops from a complex series of events between the triggering bacteria and the host. A recent review of the distribution of certain infections and HLA alleles shows a negative correlation between the population frequency of HLA-B27 and the prevalence of malaria, another organism capable of surviving intracellularly, suggesting that although the high frequency of HLA-B27 in some areas may be explained by a founder effect, there are features to suggest that negative selection by malaria may have contributed to its distribution [23] .
In general, the frequency of HLA-B27 in a given population parallels the frequency of SpA. In populations with a high HLA-B27 frequency, the prevalence of AS in particular and SpA is elevated. For example, in the Haida Native Americans, the population frequency of HLA-B27 is 50 %, and the frequency of AS is 6.1 %, whereas in the Japanese, HLA-B27 is rare (less than 1 %, and the prevalence of AS is correspondingly low (0.0065 %) (reviewed in reference 13)). Until recently, there were few actually representative population-based studies of HLA-B27 frequency. The US national prevalence of HLA-B27 was determined as part of the 2009 US National Health and Nutrition Examination Survey (NHANES), a cross-sectional survey monitoring the health and nutritional status of the US civilian, noninstitutionalized population [24] (Table 1 ). The age-adjusted US prevalence of B27 was 6.1 % (Table 1) . By race/ethnicity, the prevalence of B27 was 7.5 % among non-Hispanic whites and 3.5 % among all other US races/ethnicities combined. In Mexican Americans, the prevalence was 4.6 %. A lower frequency of HLA-B27 was noted in all groups over the age of 50. Multiple logistic regression analysis of the independent effects of gender, race/ethnicity, and age group showed statistically significantly lower HLA-B27 prevalence estimates for older as opposed to younger US adults (3.6 % for those 50-69 years of age vs. 7.3 % for those 20-49 years, respectively). This begs the question, what is happening to the HLA-B27-positive individuals? Recent as yet unpublished data from China and from the US Veteran's Administration further confirm these findings, suggesting that HLA-B27-positive individuals in the general population may be at risk for earlier mortality.
The role of other HLA class I and II alleles
Other HLA-B alleles Both linkage and association of other MHC class I and II loci with either AS specifically [4] or spondyloarthritis in general [25] have been suggested, but may be confounded due to LD between HLA-B and the MHC class II loci (Table 2) . Probably the best characterized and validated association after HLA-B27 is with HLA-B40, most specifically with B:40:01 (a DNA-defined allele that corresponds to HLA-B60 at the serologically defined or protein level) [26] . This association was first described in HLA-B27-positive AS patients from Europe and the USA as far back as 1989 [27] , and more recently in the UK and Netherlands [28, 29] HLA-B27-positive patients and in Taiwanese B27-negative patients [30] . HLA-B14 has been associated with AS in French SpA families [25, 31] . Moreover, recent studies from West Africa have shown very low frequencies of HLA-B27 in AS patients; instead, HLA-B*14:03 has been described as being ASassociated [32] . This association has also extended to undifferentiated spondyloarthritis and reactive arthritis in the setting of HIV infection, where association is seen with this as well as with HLA-B*57:03 [33] . The reasons for this association is not entirely clear as the folding, maturation, and TAP-1 6p21.32 Translocates peptides from the cytosol to awaiting major histocompatibility complex (MHC) class I molecules in the endoplasmic reticulum [48, 49] LMP2, LMP7 Amplify specific endopeptidase activities of the proteasome. Favor the production by proteasomes of the types of peptides found on MHC class I molecules, which terminate almost exclusively with hydrophobic or basic residues. White (Canadian) AS patients [50] stability of B*14:03 differ more from B*27:05 than from disease unassociated B*14:02, suggesting that molecular folding or stability cannot account for this AS association [34] ; HLA-B15 has been reported as associated in Mexican patients with peripheral spondyloarthritis [35] as well as in Belgian patients with "undifferentiated SpA" (USpA) [36] . Those with reactive arthritis showed a significant increase with HLA-B15 compared to patients with AS [37] . In Tunisia, HLA-B15 also has been associa HLA-A Other MHC HLA alleles have also been implicated. Using single-nucleotide polymorphisms (SNPs) to impute HLA alleles in the Immunochip Study, HLA-A*02:01: was found to be associated with AS susceptibility [3] (Fig. 2) . The SNP over the HLA-A locus, rs2394250, tags the classical allele HLA-A*02:01 [3] . The association on the HLA-A*02:01 allele was independent of HLA-B*27 genotype, present in both HLA-B27-positive (OR=1.21) and HLA-B27-negative AS patient (OR=1.36). Since no significant correlation was noted between HLA-B*27 and HLA-A*02:01 tag SNPs, this association was not explained linkage disequilibrium with HLA-B27. It is noteworthy that this has not been seen in previous studies, but the relatively low odds ratios associated with this would require larger sample sizes than have been reported to date (Fig. 2 ).
DRB1
HLA class II alleles have also been implicated. Early studies from the UK implicated HLA-DRB1*01:01 [4] ; however, subsequently, this was attributed to linkage disequilibrium with HLA-B27:05-bearing haplotypes. On the other hand, HLA-DRB1*04:04 was found to be associated in French spondyloarthritis families [25, 38] . While genomewide association studies have not found signals in the MHC class II region [3, 7, 8] , it is possible that a small effect of MHC class II alleles may be operative in SpA disease susceptibility.
DQA1
Standard genomewide association studies and direct genotyping of classic HLA alleles do not address the issue of genomic copy number variation (CNV), another source of potential genetic variance. Five AS patients were examined with the high-density comparative genomic hybridization microarrays in the first screen test for AS-associated CNVs. A total of 533 Han Chinese AS patients and 792 unrelated controls examined with the AccuCopy assays after initial resequencing, a significant association, was observed between the CNV of HLA-DQA1 and that of AS compared with controls. AS patients showed an aberrant CN, and a significantly increased number of patients had more than two copies of HLA-DQA1. These are important data, as they suggest that CNV of MHC alleles may have a role in susceptibility to AS [39] . However, no study has shown otherwise any contribution of specific HLA-DWA1 alleles to AS or SpA susceptibility, and these observation will need to be confirmed in other ethnic groups.
DPB1
Located most centromeric of the "classical" MHC alleles, few studies to date have shown the HLA-DPB1 complex. Ploski et al. [40] examined the distribution of B*4001 as well as the DRB1, DPB1, and LMP2 alleles in 63 juvenile onset AS and 44 adult onset AS patients (all B27 positive) finding an increase of the B*40:01, DRB1*08, and DPB1*03:01 alleles as well as the LMP2 b/b genotype (the latter was most pronounced among patients with acute iridocyclitis), in the juvenile onset AS patients compared to B27-positive controls. The increase of DRB1*08 and DPB1*03:01 was due to an increase of DRB1*08 and DPB1*03:01 in combination, whereas the association with B*40:01 could be due to linkage disequilibrium with LMP2b. None of these associations were detected in adult onset AS. Díaz-Peña et al. examined 603 patients with AS and 542 healthy control subjects; all of whom were HLA-B27-positive and found 17 SNPs located within or near the HLA-DPA1 and HLA-DPB1 loci to be associated with AS and confirmed this in a subsequent cohort [41] . Further typing for HLA-DPA1 and HLA-DPB1 alleles found associations with HLA-DPA1*01:03, DPA1*02:01, and DPB1*13:01. However, no association of SNPs around the HLA-DPB1 locus was seen in a much larger cohort of patients examined in the Immunochip Study [3] . Whether this is a phenomenon unique to the Spanish population or represents a true disease association will require further study in other populations.
Other non-HLA MHC genes ( Table 2 , Fig. 3 )
The human major histocompatibility complex class I chainrelated gene A (MICA) controls the immune process by balancing activities of natural killer cells, γδ T cells and αβ CD8 T cells, and immunosuppressive CD4 T cells. T cells with variable region V-delta-1 gamma/delta T cell receptor (TCRG, 186,970; TCRD, 186,810) are distributed across the human intestinal epithelium and may function as sentinels that respond to self antigens. MICA, a distant homolog of the MHC class I protein, expression coincides with this location. Groh et al. [42] found that the MICA and the closely related MICB were recognized by intestinal epithelial T cells expressing different V-delta-1 gamma/delta TCR. These interactions involving domains alpha-1/alpha-2 MICA and MICB but were independent of antigen processing. With intestinal epithelial cell lines, the expression and recognition of MICA and MICB could be stress-induced. Therefore, these molecules in general can regulate the response to protect the V-delta-1 gamma/delta T cells in the epithelium of the intestinal tract. Goto et al. reported a triplet repeat polymorphism in the transmembrane region within the MICA gene (MICA-A4) closely linked to HLA-B to be associated with AS in 48 B27-positive Caucasian patients [43] . Subsequently, this group examined 162 Japanese AS patients (140 B27-positive and 22 B27-negative patients) and found no differences in the B27-positive and B27-negative patient groups, as compared to the B27-positive and B27-negative control groups, concluding that the higher phenotype frequency of the A4 allele in the patient group was supposed to be due to a strong linkage disequilibrium between the MICA and HLA-B genes [44] .
On the other hand, Ricci-Vitiani analyzed the distribution of MICA triplet repeat polymorphism in subjects with the HLA-B*27:09 subtype (not associated with AS) and in subjects with B*27:05 (associated with AS) haplotypes, and compared the distribution of MICA-A alleles in HLA-B27-negative versus HLA-B27+ patients with AS. A high frequency of MICA-A4 allele in HLA-B27-negative patients with AS from Sardinia suggests the presence within this MHC region of a susceptibility factor albeit weaker than B27 [45] .
Recent genomewide association studies indicate that genes most strongly linked to ankylosing spondylitis (AS) susceptibility come from the region containing HLA-B and MICA. In Fig. 3 The organization of the MHC, with loci implicated in AS susceptibility indicated by black arrows fact, the tag SNP used for the conditional analyses in the Immunochip study (rs116488202) was actually located next to MIC-A. Zhou et al. examined 1,543 AS patients and 1,539 controls from two ethnic populations by sequencing MICA and genotyping HLA-B alleles. Initially, 1,070 AS patients and 1,003 controls of European ancestry were used as a discovery cohort, followed by a confirmation cohort of 473 Han Chinese AS patients and 536 controls. Sequencing of MICA identified that MICA*007:01 is a significant risk allele for AS in both Caucasian and Han Chinese populations and that MICA*019 is a major risk allele in Chinese AS patients. Conditional analysis of MICA alleles on HLA-B27 that unshielded LD effect confirmed associations of the MICA alleles with AS. These data suggested that MICA confers strong susceptibility to AS in US white and Han Chinese [46] . It is likely that prior studies may have been hampered by small numbers of HLA-B27-negative patients examined.
TNF Given the well-described response of AS and SpA to anti-TNF agents, it is entirely reasonable that TNF alleles may play a role is SpA susceptibility. Hohler et al. examined [47] TNF promoter alleles TNF-238.2 and TNF-308.2 in the 141 AS patients, 46 B27-positive and 99 B27-negative controls. Positivity for the variant promoter alleles conferred protection and a relative risk of 0.3 to B27-positive individuals showing data suggesting that variant alleles in the TNFalpha promoter may influence disease susceptibility in HLA-B27-positive individuals. This leads to the irresistible conclusion of a potential protective effect of variant promoter alleles due to differences in TNFalpha production. Alternatively, this could show that different B27 haplotypes are operative in susceptibility to AS [47] .
TAP1 and 2
Fraile et al. examined TAP1 and TAP2 alleles in 44 AS subjects and 61 ethnically matched random individuals as well as in 35 B*27-positive healthy unrelated individuals [48] . While the frequency of the TAP1B allele was significantly greater in the patient group compared with the random controls, the results were not significant when HLA-B*27-positive healthy controls were compared, perhaps due to the rather small number of individuals examined. No differences were observed in TAP2 alleles between the groups studied. Likewise, Barron et al. determined TAP1 and TAP2 alleles in 34 patients with reactive arthritis (28 HLA-B27 positive, 6 HLA-B27 negative), and 52 HLA-B27 positive and 80 random disease-free control subjects, finding an association with a specific TAP allele (TAP1C) [49] . These findings have not been confirmed subsequently in other cohorts.
LMP2
Maksymowych et al. examined a polymorphic restriction enzyme site in the coding region of one proteasome gene in B27 individuals with AS, 55 of whom had had iritis and 42 samples from normal, ethnically matched B27 controls without AS. Homozygosity for the disease associated allele was associated with AS with iritis, suggesting an involvement of additional HLA linked genes in the phenotypic expression of disease in B27 individuals and suggest a role for the non-B27 HLA haplotype in susceptibility to iritis [50] . While an interesting observation, it has not been subsequently confirmed in other cohorts.
Summary
Although HLA-B27 remains a dominant risk factor in susceptibility to AS, other important MHC influences are seen in AS susceptibility. Being HLA-B27 positive confers a survival advantage against certain viral infections (HIV, HCV, influenza), perhaps due to interaction with KIR alleles, but a disadvantage against certain bacteria (and perhaps other organisms) capable of surviving intracellularly. Perhaps in part related to this, a representative population survey of HLA-B27 frequency in the USA found a lower frequency of HLA-B27 in older US adults. Other HLA class I and class II alleles have been implicated in AS susceptibility, the most consistent being HLA-B*40/B60 (B*40:01). Non-HLA alleles have also been implicated, although many such studies have been inconsistent, likely due to power issues related to the low number of HLA-B27-negative AS patients examined. The best evidence is for MICA whose recognition by intestinal epithelial T cells expressing different V-delta-1 gamma/delta TCR further implicates the gut in AS pathogenesis. The HLA class I and class II and other non-HLA allelic associations underscore the importance of T cells in AS pathogenesis.
